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ABSTRACT: A large-scale diagnosis of the severe acute
respiratory syndrome-coronavirus-2 (SARS-CoV-2) is essential
to downregulate its spread within as well as across communities
and mitigate the current outbreak of the pandemic novel
coronavirus disease 2019 (COVID-19). Herein, we report the
development of a rapid (less than 5 min), low-cost, easy-to-
implement, and quantitative paper-based electrochemical sensor
chip to enable the digital detection of SARS-CoV-2 genetic
material. The biosensor uses gold nanoparticles (AuNPs), capped
with highly specific antisense oligonucleotides (ssDNA) targeting
viral nucleocapsid phosphoprotein (N-gene). The sensing probes
are immobilized on a paper-based electrochemical platform to
yield a nucleic-acid-testing device with a readout that can be
recorded with a simple hand-held reader. The biosensor chip has been tested using samples collected from Vero cells infected
with SARS-CoV-2 virus and clinical samples. The sensor provides a significant improvement in output signal only in the
presence of its targetSARS-CoV-2 RNAwithin less than 5 min of incubation time, with a sensitivity of 231 (copies μL−1)−1

and limit of detection of 6.9 copies/μL without the need for any further amplification. The sensor chip performance has been
tested using clinical samples from 22 COVID-19 positive patients and 26 healthy asymptomatic subjects confirmed using the
FDA-approved RT-PCR COVID-19 diagnostic kit. The sensor successfully distinguishes the positive COVID-19 samples from
the negative ones with almost 100% accuracy, sensitivity, and specificity and exhibits an insignificant change in output signal
for the samples lacking a SARS-CoV-2 viral target segment (e.g., SARS-CoV, MERS-CoV, or negative COVID-19 samples
collected from healthy subjects). The feasibility of the sensor even during the genomic mutation of the virus is also ensured
from the design of the ssDNA-conjugated AuNPs that simultaneously target two separate regions of the same SARS-CoV-2 N-
gene.
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The emergence of novel viruses has often ravaged
humanity and thus marked its devastating footstep in
the course of modern history. Viruses such as yellow

fever, influenza H1N1, polio, human immune deficiency virus
(HIV), severe acute respiratory syndrome (SARS), Middle
East respiratory syndrome (MERS) coronaviruses, Ebola, and
Zika virus have led to pandemics, affecting health and the
global economy.1 Despite the ever-persistent threat of an
emerging disease outbreak, a widespread public health
initiative to prepare for never-before-seen illnesses remains
minimal. A lack of a rapid, affordable, and reliable molecular
diagnostic test has impacted the global response to new viral
threats.2−4 Therefore, improvements in health care, availability

of rapid and accurate testing, and understanding the factors
that incubate pandemics could be powerful tools to mitigate its
impact. In this regard, the latest threat to global health is the
outbreak of novel coronavirus disease 2019 (COVID-19),
caused by a severe acute respiratory syndrome-coronavirus-2
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(SARS-CoV-2).5 This outbreak was first recognized in
December 2019 and has since rapidly spread across the
globe, affecting the socioeconomic conditions of billions of
people worldwide.6,7 It has been reported that COVID-19
cases present a variety of clinical symptoms ranging from
moderate flu-like to life-threatening complications.8,9 Besides,
the asymptomatic transmission of SARS-CoV-2 is the Achilles’
heel of the currently deployed public health strategies to
mitigate this pandemic.10 Therefore, the ability to perform
widespread, accurate, and rapid testing is extremely crucial in
understanding the complex dynamics involving SARS-CoV-2
infection and immunity.11 Toward this end, scientists across
the globe have been vying for the development and production
of rapid and accurate diagnostic tests.
Currently, the diagnostic tests for COVID-19 can be

classified into two broad categories. The first category includes
the molecular diagnostic test for the identification of SARS-
CoV-2 viral RNA using reverse transcriptase real-time
polymerase chain reaction (RT-PCR) and nucleic acid
hybridization strategies.12,13 Although RT-PCR is excellent in
terms of selectivity and sensitivity, it is time-intensive, requires
highly qualified personnel, and can only be operated in a
laboratory-based hospital with the accessibility of large
stationary equipment and reagents.14,15 These restrictions
become major footraces for situations with resource shortages.
The second category includes serological and immunological
tests that primarily focus on the detection of antibodies
developed in individuals because of their exposure to the
virus.16,17 While these tests are rapid and require minimal
equipment, their clinical utility to indicate COVID-19
infection is limited, as it may take several days to weeks after
the onset of the symptoms for a patient to develop a detectable

antibody response.18−20 Hence, a highly sensitive diagnostic
method with rapid and continuous monitoring of SARS-CoV-2
is required to obtain valued information that could support
physicians in better treatment of COVID-19-related con-
ditions.
In recent years there have been several reports of point-of-

care (POC) biosensor development using 2D nanomaterials
for ultrasensitive diagnosis of different diseases.21−23 Among
these 2D nanomaterials, mainly graphene has come to be the
most compelling nanomaterial due to its intrinsic proper-
ties.24−26 Moreover, electrochemical techniques are considered
as a cost-effective approach due to its simplicity of service, high
sensitivity, rapid response, miniaturization, and ease of use in
molecular diagnostics.27 To date, numerous graphene-based
electrochemical biosensors have been reported to detect a wide
range of chemical and biological targets such as small
molecules, metal ions, proteins, bacteria, and nucleic
acids.28−33 Various electrochemical immunosensors for
influenza virus have been documented using differential pulse
voltammetry (DPV),34 impedance spectroscopy (EIS),35 linear
sweep voltammetry,36,37 chronoamperometry,38 and cyclic
voltammetry.39 Additionally, an electrochemical immunosen-
sor with good selectivity and enhanced detection limit has also
been documented for label-free influenza virus detection.40

HIV was identified using DPV on a multiwalled carbon
nanotube modified glass carbon electrode (GCE),41 whereas
human papillomavirus (HPV) was determined using a
graphene/Au nanorod/polythionine-modified GCE via DPV
and EIS.42

Herein, we have developed a graphene-based electro-
chemical biosensor coupled with an electrical readout setup
to selectively detect the presence of SARS-CoV-2 genetic

Scheme 1. Schematic representation of the operation principle of the COVID-19 electrochemical sensing platform wherein
step A: the infected samples will be collected from the nasal swab or saliva of the patients under observation; step B: the viral
SARS-CoV-2 RNA will be extracted; step C: the viral RNA will be added on top of the graphene-ssDNA-AuNP platform; step
D: incubation of 5 min; and step E: the digital electrochemical output will be recorded.
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material. The selectivity of the biosensor originates from the
integration of a suitable design of thiol-modified antisense
oligonucleotides (ssDNA) specific for nucleocapsid phospho-
protein (N-gene) of SARS-CoV-2. Four such ssDNA probes
were designed to target two separate regions within the same
viral N-gene at the same time,43 which also increased the
analytical performance of the assay when compared with the
electrochemistry of individual ssDNA. The sensitivity of the
electrochemical assay was further improved by the application
of thiol-modified ssDNA-capped gold nanoparticles (AuNPs)
on top of the gold electrode in contrast to the ssDNA alone
with no AuNP conjugation. The sensor response has been
validated against the RNA samples obtained from Vero cells
infected with SARS-CoV-2, while SARS-CoV and MERS-CoV
RNA has been used as one of the negative controls. The
capability of the sensor chip to differentiate the positive
COVID-19 samples from the negative ones has been
investigated using 48 clinical samples, and the results were
benchmarked using an FDA-approved gold-standard SARS-
CoV-2 diagnostic method (LabGun COVID-19 RT-PCR
diagnostic kit). Our results indicated that the specific output
signal from SARS-CoV-2 could be obtained within less than 5
min of incubation of the RNA samples with a sensitivity of 231
((copies μL)−1)−1 and limit of detection of 6.9 copies/μL.
Using clinical samples collected from 22 COVID-19 positive
patients and 26 healthy asymptomatic subjectsconfirmed

using the RT-PCR testthe sensor was successful in
distinguishing the positive COVID-19 samples from the
negative ones with high accuracy, sensitivity, and specificity.
Overall, we report herein a methodology for rapid, accurate,
selective, and ultrasensitive detection of COVID-19 causative
virus, SARS-CoV-2, by precise digital monitoring of the
electrochemical response generated from the graphene-
ssDNA-AuNP surface (Scheme 1).

RESULTS AND DISCUSSION
Fabrication and Characterization of the Paper-Based

Electrochemical Platform. The central theme of this study
is schematically shown in Figure 1a, which depicts a graphene-
based electrochemical platform for selective and ultrasensitive
detection of SARS-CoV-2 viral RNA by exploiting high specific
ssDNA-capped gold nanoparticles as the sensing element.
Although the graphene-based electrochemical platform has
been quite explored in the past decade, the design of an
electrochemical sensor based on the antisense oligonucleotides
targeted specifically toward the rapid, selective, ultrasensitive
detection of SARS-CoV-2 viral RNA has not yet been
explored. Further, introducing the ssDNA-capped gold nano-
particles to the electrochemical sensing platform made the
current technology quite eligible to sense the viral RNA
without any gene amplification step with a reasonably lower
detection limit compared with other conventional methods.

Figure 1. (a) Zoom-in image illustrating the layer-by-layer construct of the sensor. (b) Dark-field image of the graphene film. (c) Photograph
of the graphene sensor platform. (d, e) SEM images of the graphene-based platform. (f) Raman spectrum of the plain sensor chip of two
spatial points, point 1: a spot located on the gold electrodes, point 2: a spot located on the graphene coating of the filter paper. (g) The
microscope image of the plain sensor used to record the Raman spectrum in (f). (h) Comparison of the Raman spectrum of the sensor chip
before and after the deposition of ssDNA-capped gold nanoparticles. (i) Microscope image of the sensor used to record the Raman spectrum
in (h).
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The current pandemic situation demands the need for the
development of a low-cost POC sensor that can diagnose
positive COVID-19 cases with high accuracy, sensitivity, and
specificity without the need for specialized chemicals, complex
fabrication procedures, and sophisticated equipment. In this
regard, we employed simple two-step procedures to develop a
paper-based electrical sensor chip that can diagnose positive
COVID-19 cases within a few minutes without the need for
further gene amplification procedures. A graphene suspension
was first coated on filter paper to form a conductive film
followed by the deposition of a Au electrode with a predefined
design. A schematic of this biosensor construct is shown in
Figure 1a. Graphene nanoplatelets (GR) provide the advantage
of preventing the formation of a water-tight composite on the
sensor chip, thereby giving an edge-over-edge configuration of
the film at the microscopic level.31 The high carrier mobility
(>2000 cm2 V s−1) of graphene also makes it highly sensitive
to the interaction and adsorption of the charged target at its

surface. Figure 1b depicts the dark-field image of the graphene
film with the AuNPs in the absence of SARS-CoV-2 RNA. The
photograph of the developed chip is shown in Figure 1c. Figure
1d,e show the scanning electron microscopic (SEM) image of
the sensor chip, which shows both the edge-over-edge
microscopic configuration of the graphene nanoplatelets and
the pattern of gold electrodes. The electrochemical sensor thus
utilizes a paper base coated with a thin graphene conductive
film and carefully designed gold electrode. The graphene film
plays an important role in the sensing response. To optimize
the graphene film, the concentration of the graphene
suspension used for making the graphene film has been varied
and the resistance of the graphene film on the filter paper was
measured directly. Three different concentrations of graphene
platelets (i.e., 5, 10, and 20 mg/mL) have been used to make
three graphene films using the same procedure as described in
the Experimental Section. A thick and viscous suspension was
formed while utilizing a graphene concentration of 20 mg/mL,

Figure 2. (a) Design principle of antisense oligonucleotides with differential functionalized ends. The yellow dot in the figure represents the
ssDNA-conjugated gold nanoparticles. Backbone 3D structure of (b) antisense ssDNA probe 1 (P1) and (c) antisense ssDNA probe 2 (P2).
(d) Differentially functionalized AuNPs with thiol-ended ssDNA probes along with their sequences. (e) Comparative target N-gene binding
and binding site disruption energies of the four selected ssDNA probes.
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which makes it difficult to form a uniformly coated surface. On
the other hand, the texture of the suspension having a
concentration of 10 or 5 mg/mL was reasonable to uniformly
coat the filter paper surface. Figure S1 illustrates the V−I
response of the graphene film made from two different
graphene concentrations. The 5 mg/mL film showed a
nonlinear V−I response (R2 = 0.28)not obeying Ohm’s
lawand very low response when compared to the film made
from the 10 mg/mL suspension. Moreover, the 10 mg/mL film
shows a linear V−I response (R2 = 0.99) and with a base
resistance of 272.4 ohms. Therefore, the graphene film from a
10 mg/mL suspension has been used to make the sensor chip,
which was used throughout this work.
Recently, nanoparticles have shown their promise in

improving the sensing and recognition performance of SARS-
CoV-2.43−48 Accordingly, we used gold nanoparticles to
increase the sensitivity of our electrochemical platform due
to their excellent unmatched properties.49−51 Citrate-stabilized
AuNPs of 10 ± 5 nm in size were synthesized using a previous
literature report52 and used in the electrochemical sensor chip.
Transmission electron microscopy images of the as-synthesized
gold nanoparticles revealed the anhydrate particle diameter
(Figure S2). The hydrodynamic diameter of the citrate-
stabilized nanoparticles was found to be 44.7 ± 5.9 nm, and
the zeta potential measurement revealed the colloidal stability
of these particles with ζ = −50.24 ± 6.07 mV. To achieve
selectivity and sensitivity during the recognition of SARS-CoV-
2 genetic material, we used ssDNAknown as probes
throughout the articlecapped AuNPs, which were then
deposited on the surface of the sensor platform. Raman spectra
have been collected to further characterize the sensor chip.
The plain sensor shows a high IG/ID ratio in the presence of
the gold electrode compared to the absence of it, with a higher
2D peak in the graphene region (Figure 1f,g), confirming the
successful mounting of the gold electrodes on top of the

graphene film. Further, it can be seen from the Raman spectral
analysis that the graphene base provides a graphitic (sp2) to
diamond (sp3) intensity ratio (IG/ID) of 1.74, while the sensor
immobilized with the ssDNA-capped gold nanoparticle has an
IG/ID value of 1.56 (Figure 1e,h). This decrease in IG/ID value
can be attributed to the surface-enhanced Raman scattering
(SERS) caused by the presence of the AuNPs on gold
electrodes. Furthermore, the graphitic wavenumber is also
downshifted from 1584 to 1581 cm−1, which indicates the
increased π−π interactions between the oligonucleotide
(ssDNA) and graphene.17,53,54 Once the viral sample
encounters the sensor, viral RNA hybridizes with the AuNP-
capped ssDNA, allowing a more accurate electrochemical
measurement. The ssDNA probes have been designed based
on a previous report from our research group43 and are
described in the following section.

Strategic Design of the Antisense Oligonucleotide,
ssDNA, Probes for Targeting SARS-CoV-2 Viral RNA.
Three regions among the SARS-CoV-2-related viral genomes
have been identified as the conserved sequences among which
an assay targeting the N-gene (nucleocapsid phosphoprotein)
has recently been recommended as a screening test to
determine positive COVID-19 cases.12 Scientists are therefore
continually trying to ease the screening protocol for the N-
gene due to the current upsurge of test kits’ requirement to
selectively identify and quarantine SARS-CoV-2-infected
personnel.12,55 We, therefore, thought of a simple paper-
based gold nanoparticle-mediated electrochemical assay to
easily and quickly detect the presence of the SARS-CoV-2 N-
gene from an infected RNA sample. The methodology
described herein utilizes a multimodal approach that
simultaneously targets two separate regions of the N-gene at
the same time using four different suitably functionalized gold
nanoparticles (Figure 2a−c). These AuNPs were individually
capped with four of the carefully designed antisense

Figure 3. (a) Schematic representation of the proposed concept behind the enhancement in electrochemical response using gold
nanoparticles, when capped with ssDNA probes. (b) Relative change in the biosensor output voltage for the two sensor configurations. (c)
Comparative biosensor signal output for both sensor configurations.
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oligonucleotides (ssDNA probes). Nevertheless, this strategy is
supposed to increase the reliability and feasibility of the
electrochemical assay even if there is a mutation in the viral
gene during its cross-transmission because of its multimodal
approach of targeting the viral genome. This electrochemical
assay is therefore believed to enhance the analytical sensitivity
of the N-gene.
In order to design ssDNA probes selective for SARS-CoV-2,

the genome sequence of SARS-CoV-2 isolate 2019-nCoV/
USA-WA1-A12/2020 was considered and its N-gene was
undertaken for the prediction of a set of antisense
oligonucleotide probes as described in the Materials and
Methods section. The target binding energies and binding
disruption energies of the predicted probes were compared,
and the ones with the optimum energies have been selected
(Figure 2e and Table S1). One other criterion behind the
selection of these four probes is their relatively close target
positions. The antisense probe, P1, targets the N-gene
sequence 421−440, whereas P2 targets the sequence 443−
462. On the other hand, P3 targets the sequence position 836−
855, whereas antisense P4 targets the 886−905 position of the
N-gene. The ssDNA probes were then functionalized differ-
entially: 5′ ends of P1 and P3 were modified and 3′ ends of P2
and P4 were altered with thiol moieties having a six-carbon
spacer (Figure 2d). These ssDNA probes were then used to
cap gold nanoparticles and loaded over the gold electrode to
accelerate the electron transfer followed by enhancement in
the electrochemical response of graphene toward the selective
detection of SARS-CoV-2. The successful surface capping of
AuNPs with ssDNA probes was confirmed from their relative
change in the UV−vis absorbance spectrum (Figure S3), the
change of the electrophoretic mobility in agarose gel
electrophoresis (Figure S4). Citrate-capped AuNPs without
any DNA barely migrated, whereas the ssDNA-capped AuNPs
migrated differentially plausibly due to their differential surface
functionalization with ssDNA probes. The differential electro-
phoretic mobility of the gold nanoparticles indicated the
differential surface charge associated with the nanopar-
ticles.56,57 It can therefore be inferred that more ssDNA
functionalization will lead to a more surface negative charge
and hence more electrophoretic mobility. Thus, it can be said
that the ssDNA functionalization is more for Au-P3H, followed
by Au-P4M, Au-P1M, and Au-P2L.
Signal Amplification Using Gold Nanoparticles

Capped with ssDNA Probes and the Optimization of
Probes/AuNPs Ratio and AuNP Size. The designed
antisense oligonucleotides can be incorporated on the sensor
chip in two different configurations, as shown in Figure 3a. The
antisense probes can be conjugated directly to the gold
electrode surface (configuration 1) or can be utilized to cap the
surface of gold nanoparticles, which will then be deposited at
the surface of the sensor platform (configuration 2). Figure 3b
shows the sensors response after the addition of 5.854 × 107 of
SARS-CoV-2 viral RNA. Configuration 1antisense oligonu-
cleotides were thiolated on the gold electrodeprovides a low
response signal compared to the configuration 2. The sensor
response to the SARS-CoV-2 RNA in configuration 2 was
found to be significantly higher (p < 0.001) compared to the
response in configuration 1 (Figure 3c). This significant
increase in electrical signal in the presence of AuNPs
configuration 2may also be attributed to the increased
reactivity of the ssDNA probes when capped on AuNPs and
deposited over the electrode surface, favoring the electron

transfer kinetics and also because the AuNPs provided a high
surface area for the interaction of ssDNA probes with the viral
RNA, eventually leading to signal amplification. On the other
hand, the lower electrical responses observed for configuration
1 indicated decreased conductive pathways for electron
transfer. Further, AuNPs, due to their excellent conductive
characteristics,58−62 contribute to these conduction pathways
by accelerating the electron transfer, leading to the increased
output signal in the presence of SARS-CoV-2 viral RNA.
Therefore, the sensor with configuration 2, consisting of
antisense oligonucleotide-capped AuNPs deposited over the
gold electrode, has been used for all our future electrochemical
studies.
The sensitivity of the sensor is highly dependent on the

recognition element (i.e., antisense oligonucleotide). The
density of the ssDNA probe immobilized on the sensor
surface is an essential factor affecting the sensitivity and is
anticipated to play a role in the sensor response.63 The
developed platform can thus be represented by a resistive
sensor model in which the change in the voltage across the
sensor chip is given by

V R
q
t

d
d

Δ =
(1)

where ΔV is the change in the voltage across the sensor chip, R
is the resistance, and q is the charge.
We have used the Langmuir model to fit the kinetics of

binding as in the surface plasmon resonance (SPR) experi-
ments in which this model has been widely explored at high
flow speeds.64,65 The dissociation to the formation of the
binding complex RNA−DNA with an immobilized ssDNA
probe (D) at the end of the injunction can be given by

t
k

d RD
RDt

td
[ ]

= [ ]
(2)

where [RD]t is the surface density of the binding complex
between the viral RNA and antisense ssDNA, [R] is the
concentration of the target RNA, and kd is the dissociation rate
constant.
Equation 2 is a first-order equation that can be solved

analytically to provide eq 3:

k
k k

RD
D R
R

et
a k tmax

a d

d[ ] =
[ ] [ ]
[ ] +

−

(3)

where ka is the association rate constant and [D]max is the
maximum number of ssDNA probes available for binding per
surface area.
The change in the surface charges (Δq) can be represented

by QRNAS[RD]t,
66 where QRNA is the electric charge caused by

the adsorbed RNA unit to the sensor chip per surface density,
and S is the graphene surface area. Then, eq 1 can be written as

V R
q
t

Q S
t

d
d

d RD
d

t
RNAΔ = =

[ ]
(4)

V RQ Sk
k
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D R
R

e k t
RNA d
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a d

dΔ =
[ ] [ ]
[ ] +

−

(5)

Thus, from eq 5, it may be presumed that maximum
response will be obtained from an immobilized density of the
maximum number of ssDNA probes, [D]max. Based on eq 5, a
higher response level is thus anticipated when more antisense
ssDNA probes are immobilized on the surface. However, the
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hybridization kinetics of the ssDNA probes with their
complementary target can be significantly altered when high
densities of ssDNA probes are immobilized. High ssDNA
probe density may lead to slower response time or nonlinear
sensor response due to the unnecessarily complicated binding
behavior, which rises at high probe density.66 Several
experiments have, therefore, been conducted using the
electrochemical chip to find the optimum concentration of
the ssDNA probe. Three different concentrations of each of
the four ssDNA probes (i.e., P1, P2, P3, and P4) were used to
cap the AuNPs, and the corresponding electrical performances
of the sensors were investigated with a fixed concentration of
the viral SARS-CoV-2 RNA load. The three different
concentrations were designated as high (H), moderate (M),
and low (L) level, which is equivalent to 0.5, 1, and 2 μM of
the ssDNA, respectively (see the Experimental Section for
more details).
Figure 4a illustrates the electrochemical sensor response for

each of the AuNPs functionalized with ssDNA probes toward
the viral RNA at three different probes/AuNPs ratio. The
moderate ratio of P1 (Au-P1M) exhibits the highest change in
the signal output, whereas the lowest ratio of P2 (Au-P2L) was
found to be the optimum concentration for this probe, which
shows the highest change in the sensor output compared to
other concentrations. On the other hand, the highest ratio of
P3 (Au-P3H) was found to be the optimum, and finally, the
moderate ratio of P4 (Au-P4M) provided the best performance.
The nanoparticle tracking analysis using ZetaView followed a

similar trend in which the increase in hydrodynamic diameter
after the addition of SARS-CoV-2 viral RNA load was found to
be the highest for moderate P1 (Au-P1M), low P2 (Au-P2L),
high P3 (Au-P3H), and moderate P4 (Au-P4M) (Figure S5).
These constructs, Au-P1M, Au-P2L, Au-P3H, and Au-P4M, were
then considered to build a sensitive platform for the selective
recognition of SARS-CoV-2 viral RNA. The average number of
ssDNA probes conjugated to each AuNP has been quantified
and found to be 6.05, 5.05, 29.8, and 20.12 for Au-P1M, Au-
P2L, Au-P3H, and Au-P4M, respectively. Accordingly, all the
four probes (i.e., Au-P1M, Au-P2L, Au-P3H, and Au-P4M) were
mixed (Au-Pmix) in an equivalent amount with each other to
further improve the DNA−RNA hybridization propensity
(Figure S6) and enhance the analytical sensitivity of the
electrochemical sensor toward the selective detection of SARS-
CoV-2 viral RNA (Figure 4a).
To evaluate the effect of the gold nanoparticles’ size on the

sensor performance, two additional gold nanoparticles with
sizes of 50 ± 5 nm and 100 ± 10 nm have been tested in
addition to the original size (10 ± 5 nm). Each gold
nanoparticle has been capped with one of the four ssDNA
probes based on the previous optimum value (i.e., Au-P1M, Au-
P2L, Au-P3H, and Au-P4M). An equal amount of each AuXnm-PX
was mixed to make AuXnm-Pmix and used to make the sensor
chip by depositing the mixture on the sensor surface. The
response toward 106 copies/μL of SARS-CoV-2 viral RNA has
been recorded from the sensor chip with Au10nm-Pmix, Au50nm-
Pmix, and Au100nm-Pmix. Figure S7 shows that the 10 nm AuNPs

Figure 4. (a) Optimization of the antisense ssDNA probes conjugated with AuNPs at different ratios to achieve maximum sensitivity and
optimal signal output. (b) Average of the spectra obtained from the hyperspectral imaging from the graphene-Au-Pmix in the absence and
presence of SARS-CoV-2 viral RNA. Enhanced dark-field microscopic-hyperspectral image (EDFM-HSI) of the graphene-Au-Pmix (c) in the
absence of SARS-CoV-2 RNA and (d) in the presence of SARS-CoV-2 RNA with spectra collected from several pixels shown in the inset.
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exhibit the optimum response compared to the other
nanoparticles, 50 and 100 nm in size. It was apparent that
larger nanoparticles at sub-nanometer gaps have lower DNA
density, in which the DNA density is higher for the small
particles and decreases as the nanoparticle size increases.67

Accordingly, we have received a better response from the
smaller sized gold nanoparticles than the larger ones. Further
studies are required to fully understand the effect of the size on
the sensor response, which is beyond the scope of this first
report.
To further confirm the exceptional affinity of the ssDNA

probes to the target segment in the viral RNA, an advanced
instrumental technique such as hyperspectral spectroscopy was
used.43 Hyperspectral imaging (HSI) is a label-free detection
technique that can be used to confine a nanomaterial based on
its hyperspectral signature by combining the power of both
imaging and spectrophotometry.68,69 The HSI system is based
on the enhanced dark-field microscopic (EDFM) advanced
optics combined with a computational algorithm used to
capture a spectrum in the range of 400 to 1000 nm at each
pixel of the image. Each individual material exhibits a spectrum
signature here representing the identity of the material of
interest even in a blended sample. Thus, the hyperspectral can
be used to create an image “map” to localize the material of

interest in the tested sample. Therefore, EDFM-HSI mapping
has widely been confirmed to accurately localize and identify
the nanomaterials in samples more efficiently compared to the
other conventional approaches.70,71 To this end, the electro-
chemical chipas described beforewas prepared on a glass
slide and investigated under a hyperspectral imaging micro-
scope to reveal the selectivity and efficient hybridization of the
ssDNA probes with the viral RNA at a microscopic level. A
red-shift of ∼150 nm was observed in the hyperspectral image
following the addition of the SARS-CoV-2 RNA to the
graphene-Au-Pmix-based platform (Figure 4b). Figure 4c
depicts the dark-field image of the graphene-coated Au−Pmix
platform in the absence of viral RNA, whereas Figure 4d
represents the dark-field image of the same platform after the
addition of the viral RNA. The shift in the spectral peaks after
the addition of the target RNA confirmed the successful
hybridization of ssDNA probes with its complementary region
in N-gene sequence within the electrochemical sensor chip.
To gain more insight about the localization and distribution

of each ssDNA probe-capped gold nanoparticles when bound
to the viral RNA, the hyperspectral image mapping has been
explored. Figure 5 depicts the localization of Au-P1M, Au-P2L,
Au-P3H, and Au-P4M within the graphene film before the
addition of SARS-CoV-2 viral RNA. In the absence of the

Figure 5. (a) Dark-field original image of the graphene-Au-Pmix sensor chip in the absence of the SARS-CoV-2 RNA. (b) Overlay of the image
“map” on the dark-field image in (a). (b, d−i) Zoom-in image in the dotted box of the platform showing the localization of (b) the original
dark-field image, (d) graphene nanoplatelet, (e) Au-P1M, (f) Au-P2L, (g) Au-P3H, (h) Au-P4M, and (i) overlay of the four Au probes.
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SARS-CoV-2 RNA, the Au probes are found to be randomly
distributed within the graphene film (Figure 5). However, in
the presence of the viral RNA, the Au probes are arranged
where Au-P1 and Au-P2 were found close to each other, and
Au-P3 and Au-P4 were observed to be in proximity (Figure 6),
which supports the specific binding of the ssDNA probe to its
target. Figure S8 shows a zoomed-in image that illustrates the
adjacent Au-P1M and Au-P2L in the hyperspectral map in the
presence of the SARS-CoV-2 RNA, a trend that does not exist
in the absence of SARS-CoV-2 RNA. This can be explained
based on our design of the ssDNA probes, where P1 and P2
are targeting two consecutive regions in one segment of the
SARS-CoV-2 RNA, whereas P3 and P4 are targeting another
segment of the N-gene consecutively (Figure 2a). Further, it
can be proposed that Au-P1 was found to be the most
abundant, followed by Au-P4, Au-P3, and Au-P2 among the
ssDNA probe-capped AuNPs while considering the zone
where Au probes are accumulated in the presence of SARS-
CoV-2 viral RNA (Figure 6). This can be explained from the
comparative target RNA sequence binding energies and

binding disruption energies of the four different antisense
oligonucleotides (Figure 2d).
Dark-field imaging further confirmed the sensitive and

selective binding of SARS-CoV-2 by confirming the formation
of a large cluster with Au−Pmix (Figure S9). However, no
obvious aggregate or formation of a large entity has been
observed in the presence of MERS-CoV (Figure S10). The
UV−vis spectrum also confirmed the sensitivity of the ssDNA-
capped AuNPs to the SARS-CoV-2 viral RNA (Figure S11).
Gold nanoparticles have been used extensively as a core

element to develop many diagnostic assays.14,71 Gold nano-
particles can be synthesized with controlled size, high
reproducibility, and efficiency, making them an attractive
candidate for diagnostic tests. In this work, gold nanoparticles
were deposited on the sensor chip surface using the drop-
casting method. To evaluate the effect of the gold nano-
particles’ distribution on the sensor’s analytical performance,
we assessed the variation in the sensor response to the same
viral load using different sensors; the gold nanoparticles were
randomly distributed on each of them. Gold nanoparticles
were deposited on the surface of multiple sensor chips from

Figure 6. (a) Original dark-field image of the graphene-Au-Pmix in the presence of SARS-CoV-2 viral RNA. (b) Overlaid image “map” on the
dark-field image in (a). (b, d−i) Zoomed-in image in the dotted box of the platform showing the localization of (b) the original dark-field
image, (d) graphene nanoplatelet, (e) Au−P1M, (f) Au−P2L, (g) Au−P3H, (h) Au−P4M, and (i) overlay of the four Au probes.
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which the deposition process was independent for each of
them. The response of seven sensor chips was recorded against
an equal concentration of SARS-CoV-2 RNA (∼1 × 105

copies/μL). No significant difference was observed between
the different sensors. The average response of the seven
sensors was found to be 0.23, with a standard deviation of 0.02.
These results indicated that the variation in the AuNP

distribution due to the deposition method had no obvious
effect on the sensor performance (Figure S12).

Real-Time Detection of SARS-CoV-2 Viral RNA. The
aim of this work was to develop a POC sensor that is cost-
effective and portable and can be integrated with smartphones
for easy and rapid diagnosis of SARS-CoV-2. To achieve this,
we first eliminated the complex RNA amplification step using

Figure 7. SEM images: (a) sensor without any addition of sample; (b) sample addition with a volume of 10 μL; and (c) sample addition with
a total volume of 12 μL. A zoom-in image of (c) is shown in (d)−(f).

Figure 8. (a) Sensor output signal as a function of time with the addition of SARS-CoV-2 viral RNA load (5.85 × 104 copies/μL). (b) The
standard curve was obtained from the electrochemical sensor with an increasing concentration of SARS-CoV-2 viral RNA. (c) Comparative
electrochemical responses in the presence of SARS-CoV-2 RNA obtained from the pristine sensor, the pristine sensor when deposited with
citrate-stabilized gold nanoparticles (AuNPs), and ssDNA-capped AuNPs (Au probe). (d) Relative electrochemical response of the sensor to
MERS-CoV and SARS-CoV RNA when compared to SARS-CoV-2 viral RNA.
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polymerase chain reaction (PCR) or reverse transcription PCR
(RT-PCR) and introduced the electrical signal amplification
from gold nanoparticles. Further, we eliminated the need for
the conventional techniques used for impedance recordings,
such as quartz crystal microbalance (QCM), electrochemilu-
minescence (ECL), cyclic voltammetry (CV), and EIS, and
replaced them by a simple signal conditioning circuit, which
was integrated with a microcontroller and an algorithm for the
computer interface (Figure S13). The real-time recording of
electrical signals allowed the sensitive detection of SARS-CoV-
2 genetic material in the RNA sample mediated by the
optimized RNA−DNA hybridization among the viral RNA and
four of the selected Au probes. As illustrated in Figure 1a, the
gold nanoparticles capped with ssDNA will be deposited on
the surface of the sensor chip by the drop-casting method. To
this end, the volume of Au-Px solution deposited on the
surface has been optimized to maintain the integrity and avoid
the swelling effect of the sensor platform. Figure 7a depicts the
SEM image of the sensor chip without the addition of any
solution, Figure 7b shows the surface after the addition of 10
μL of the solution, and Figure 7c demonstrates the sensor
surface after the addition of 12 μL of solution. The sensor
maintains its integrity up to 10 μL of the solution, whereas
adding 2 μL of extra solution led to obvious damage to the
sensor surface (Figure 7c−f) and swelling in the paper fibers;
the paper fibers become visible in the image. Figure S14
depicts the SEM images of fibers in the bare filter paper. In the
sensor chip, the paper’s fibers are hidden underneath the
graphene layer (Figure 7a); the same holds true for the SEM
image of the sensor chip after the addition of 10 μL of the
solution (Figure 7b) where no obvious swelling signs, such as
the appearance of thick fibers or distortion of the graphene
configuration, were observed. On the other hand, Figure 7c−f
shows a clear sign of paper swelling where the paper fibers
become obvious and thicker, causing damage in the sensor
chip at the microscopic level. Therefore, 10 μL is the optimum
maximum volume that can be added to the sensor chip while
maintaining its integrity. An 8 μL amount is found to be
sufficient to cover the entire sensor electrodethe circular
electrodeand this volume has been adopted for making the
sensors throughout this study, with a total number of gold
nanoparticles of 24 × 107 particles per sensor chip. A clinical
sample of 2 μL volume has then been added to ensure the total
volume added to the sensor chip did not exceed 10 μL.
It was expected that the ssDNA probes-capped AuNPs

selectively bind with its target complementary SARS-CoV-2
RNA sequence and induce aggregation depending on their
closely following target sequence positions. In the presence of
SARS-CoV-2 RNA, the specific RNA−DNA hybridization led
to the change in charge and electron mobility on the graphene
surface, which brought the change in sensor output voltage.
The change in the sensor electrical signal was observed
instantaneously, which reached stability within a short duration
of time with an average response time of less than 5 min, as
shown in Figure 8a. This illustrates a representative output
signal of the sensor chip as a function of time after the addition
of SARS-CoV-2 viral RNA. The sensor is composed of a filter
paper as a base material that has been coated by graphene
nanoplatelets to form a conductive film. The gold electrode has
been deposited on the surface of the graphene film as the
contact pad for the electrical readout. Finally, gold nano-
particles capped with ssDNA probes specific to the SARS-
CoV-2 RNA have been deposited on the sensor surface, which

represents the recognition element of the sensor. In the
presence of the SARS-CoV-2 RNA, the ssDNA mounted on
the AuNPs’ surface hybridized with its complementary target
sequence on the surface of the graphene conductive film. The
charges at the graphene−solution interface increase due to the
hybridization of the viral RNA with the ssDNA sequence,
which induces a variation in the graphene potential with a
positive drift (eq 1). In order to eliminate the effect of the
background noise, the change in the sensor output voltage was
normalized to the sensor’s initial voltage. The time-series signal
was recorded as a response to the addition of the viral RNA
sample consisting two main parts, transient and steady-state
response. The addition of the RNA sample at a certain time
point (t) represented a step input. The sensor exhibited a step
response, which was represented by a sudden increase of the
signal as a sharp peak (transient response). After some time,
the sensor reached a steady-state response, which reflected the
response to the viral RNA concentrations. This increase in the
sensor signal after the addition of the sensor and following
partial decrease can be seen in the whole electrochemical
platform since it represents both the transient and the steady-
state responses of the sensor.14

To further investigate the performance of the sensor, the
dynamic response of the sensor, when deposited with Au-Pmix,
was evaluated to various concentrations of viral RNA load
extracted from Vero cells infected with the SARS-CoV-2 virus.
Figure 8b illustrates the linear response (standard curve) of the
electrochemical biosensor with increasing concentrations of
viral RNA. This fully integrated device successfully exhibited a
broad linear detection range from 585.4 copies/μL to 5.854 ×
107 copies/μL, with a sensitivity of 231 (copies/μL)−1 for
SARS-CoV-2 viral RNA. The sensor sensitivity is referred to as
the change in the sensor output per unit change in the sensor
input. The sensitivity, by definition, is the ratio of the
measured output to the measured analyte or target and can be
calculated as the slope of the system transfer function. In our
case, the sensitivity is the ratio of the relative change in the
sensor voltage (ΔV/V0) to SARS-CoV-2 RNA concentration
(copies/μL), which has units of (copies/μL)−1 since ΔV/V0 is
unitless. One of the important sensor performances is the limit
of detection (LOD). The LOD represents the lowest amount
of the target substrate that can be distinguished from its
absence with a predefined confidence level, usually 99%. The
limit of detection is usually calculated based on statistics from
the blank measurement points and the slope (analytical
sensitivity, as we mentioned earlier) of the sensor standard
curve. The limit of detection of the sensor chip has thus been
calculated based on LOD = 3.3SXY/slope and found to be 6.9
copies/μL. This significantly lower value of the LOD indicated
the improved sensitivity and superior analytical performance of
the designed device. However, the pristine graphene-based
device and the citrate-stabilized AuNPs deposited on the
graphene-based device did not show any significant output
signal change in the presence of the viral RNA load (Figure
8c). These results supported the importance of ssDNA probes
and their sensitivity toward the target SARS-CoV-2 viral N-
gene. A control experiment was further conducted to
determine the selectivity of the developed COVID-19
biosensor, where the sensor output signal was recorded in
the absence of SARS-CoV-2 viral RNA and in the presence of
MERS-CoV and SARS-CoV viral RNA load. The sensor, when
deposited with Au-Pmix, showed no significant change in the
output signal toward either MERS-CoV or SARS-CoV RNA,
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demonstrating the selectivity of the device platform toward
SARS-CoV-2 with no obvious cross-reactivity (Figure 8d).
Selective Detection of SARS-CoV-2 in Clinical

Samples. Finally, we evaluated the performance of the
developed sensor chip in detecting the presence of SARS-
CoV-2 RNA in clinical samples (Figure 9). Nasopharyngeal
swab specimens have been collected from COVID-19 patients
and healthy asymptomatic subjects and stored in viral transfer
medium (VTM) for future use (Figure 9c). The results were
benchmarked with a gold standard SARS-CoV-2 diagnostic kit
known as LabGun COVID-19 RT-PCR kit (FDA approved).72

Prior to testing of patient samples, we investigated the sensor
response toward samples that were collected from healthy
asymptomatic subjects, confirmed using RT-PCR. Figure 9a
clearly shows that the sensor responds to the positive COVID-
19 confirmed samples selectively and demonstrated a
significant increase in sensor voltage compared to the negative
samples. Thus, the sensor chip clearly discriminated between
COVID-19 positive samples and healthy negative samples in a
rapid manner.
The sensor showed a negligible response toward the samples

collected from a healthy individual, while a high relative change
in the sensor chip voltage was observed for the positive
COVID-19 confirmed clinical samples (Figure 9b). Moreover,
the sensor chip responded to COVID-19 positive samples with
different viral RNA loads of 1.9 × 107, 5.9 × 106, and 5.9 × 105

(Figure 9d). Quantitative detection of the viral RNA load
using a simple sensor chip is also important in monitoring the
progression of SARS-CoV-2 infection after confirming the
disease after the onset of symptoms.73 To this end, we
evaluated the ability of the developed sensor chip to quantify
the viral RNA load. The RNA concentration of the tested
COVID-19 positive clinical samples (i.e., viral RNA load of 1.9

× 107, 5.9 × 106, and 5.9 × 105) was estimated with high
accuracy (Figure 9e), where the RNA concentration of the
clinical samples that were back-calculated from the standard
curve was found to be highly correlated with the actual RNA
concentration with Pearson’s correlation of r = 0.999.
Finally, the sensor response toward the collected clinical

samples has been used to distinguish the positive COVID-19
samples from the negative onesYES/NO answerusing the
thresholding process. The sensor responserelative change in
the sensor voltage (ΔV/V0)has been classified by applying a
threshold value of 0.13, in which the samples giving a response
higher than the threshold are considered as positive, whereas
the samples with a response lower than 0.13 are assigned as
negative. Figure 10a illustrates the sensor chip response toward
the 48 clinical samples; the samples that belong to the negative
group all showed a response (ΔV/V0) less than 0.13. On the
other hand, the samples that showed a response higher than
0.13 belong to the COVID-19 positive group. Table S2
summarizes the amount of SARS-CoV-2 RNA in each clinical
sample in copies/μL. Figure 10b shows the confusion matrix,
which summarized the performance of the sensor chip in
identifying the COVID-19 positive and negative samples, by
benchmarking the results to a gold-standard technique for
SARS-CoV-2 diagnosis known as the LabGun COVID-19 RT-
PCR diagnosis kit (FDA EUA approved).72 The sensor was
thus able to correctly assign the positive and negative samples
to their respective groups with almost 100% accuracy,
specificity, and sensitivity (Figure 10b). It is worth mentioning
that this threshold value is not universal and may be subject to
change with an increasing number of tested clinical samples.
On the basis of the results obtained from the current study,

we may conclude that ssDNA-capped AuNPs as a sensing
element amplified the electrical signal, while the use of ssDNA

Figure 9. (a) Real-time response of the sensor chip toward COVID-19 positive clinical samples and healthy samples. (b) Comparison of the
sensor chip response among a representative set of clinical samples from 15 healthy asymptomatic samples and 15 confirmed COVID-19
positive samples. (c) Schematic diagram for the sources of clinical samples that have been collected either from a nasopharyngeal swab or
saliva. (d) Analysis and comparison with the actual RNA concentration for three clinical samples. The sensor response toward each clinical
sample has been recorded in three repetitive measurements. The average of three measurements has been used to estimate the RNA
concentration using (e) the standard curve, r2 = 0.999, obtained from standard SARS-CoV-2 genomic RNA samples.
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probes provided an enhanced selective output response only in
the presence of SARS-CoV-2 viral RNA. To design the
electrochemical biosensor, ssDNA-capped AuNPs (Au probe)
were drop-cast on a finely suspended graphene-coated filter
paper. The electron transfer process was enhanced by utilizing
gold nanoparticles, which provided a large surface area to
conjugate ssDNA probes and thus improved the electro-
chemical response of the device enormously for the target
SARS-CoV-2, with no significant response to the lack of target.
To enhance the sensor sensitivity, the concentrations of the
four carefully designed ssDNA probes were optimized to
achieve an improved electrical response. Under this optimal
condition, the developed sensor chip demonstrated the ability
to detect viral COVID-19 RNA in a wide linear range from
585.4 copies/μL to 5.854 × 107 copies/μL, with a significantly
lower detection limit of 6.9 copies/μL. The ssDNA-capped
AuNPs provided an enhanced signal in response to its target,
presumably due to the selective hybridization of the ssDNA
probes with their complementary sequences in four different
segments of the same N-gene. Compared to the ssDNA-
conjugated sensor chip or pristine graphene chip, the ssDNA-
capped AuNPs-graphene-based sensor chip showed an
enhanced electrical response to the target with no obvious
electric response toward the scrambled RNA. This enhanced
sensitivity of the present sensor configuration can thus be
explained by three possible reasons: suitably designed ssDNA
probes, the signal amplifying gold nanoparticles, and the
conductive graphene nanoplatelet film. The high carrier
mobility (>2000 cm2 V s−1) of graphene provided enough
sensitivity and adsorption capability of the charged analytes at
its surface.74 Thus, the combination of graphene-ssDNA-
AuNPs constructs made the electrochemical biosensor plat-
form an ideal candidate for rapid and accurate diagnosis of
positive COVID-19 cases. Further, the design of the antisense
probes to simultaneously target two regions of the SARS-CoV-

2 N-gene ensured the reliability and feasibility of the sensor
even if one region of the viral gene undergoes mutation during
its current cross-transmission. The applicability of the
proposed sensor chip was also evaluated successfully using
SARS-CoV-2 viral RNA samples based on signal amplification
methodology mediated by the change in resistance. Linearity
was achieved in a broad range of RNA concentrations from
585.4 copies/μL to 5.854 × 107 copies/μL. It was understood
that viral RNA detection is more reliable than antibody
detection due to the improved accuracy, specificity, and ability
of the current sensor to reduce false positive or negative
responses, as well as the fast diagnostic time frame after
infection. The performance of the sensor chip has been
evaluated using clinical samples from positive COVID-19
confirmed cases and healthy asymptomatic cases. Given that
the tested clinical samples include RNA from various sources,
including SARS-CoV-2, which are responsible for generating
noise signals, the sensor limit of detection, which is 6.9 copies/
μL, is low enough to use in clinical practice. Table S3
summarizes most of the peer-reviewed SARS-CoV-2 virus
detection technologies. In comparison, our technology is
devoid of any requirements for advanced instrumental
facilities. Moreover, the detection time taken by the existing
state-of-the-art approaches is either days or multiple hours.
Our technology is on par with the existing technologies with a
test result time of ∼5 min. Additionally, the major limitation of
the antibody-based approach (lateral flow assays) is also
addressed as the extent of infection is determined by detecting
the presence of a virus and not just evidence of the virus being
in the body. In short, the technology reported here addresses
the shortcomings of the existing COVID-19 sensors in a POC
setting with a quicker sensing period without the need for any
advanced instrumental techniques, modern laboratory infra-
structural facilities, and the involvement of experienced
researchers without compromising the specificity and sensi-
tivity.
The applications of electrochemical-based genosensors are

far-reaching. The sensor, when integrated with a benchtop
device, could potentially be used as a POC test in low-resource
settings. The ability of the developed graphene-based electro-
chemical sensor to detect the presence of viral RNA in a cost-
effective and reusable method could be applied at home as well
as in the doctor’s office. The base unit will comprise the
electrical components (microcontrollers, LED screen, Blue-
tooth, and Wi-Fi modules) as well as algorithms necessary to
perform a POC test using the interfaced sensor. Furthermore,
the base device can be supported by future software updates
for the algorithms to perform multiplexed sensing to
differentiate between different viral strains (e.g., influenza
from SARS-CoV-2) to provide an effective diagnosis. The
sensor could be priced at ∼$10 per sensor.
Currently, the gold standard test for diagnosing COVID-19

is a PCR test where a healthcare worker collects samples and
ships them to a lab for a confirmatory test. A healthcare worker
equipped with a sensor with preaffixed probes associated with
SARS-CoV-2 viral RNA could eliminate the need for a
preliminary, and the sensor could be regarded as an accurate
confirmatory test, reducing backlogs in the laboratories.
Another aspect of the developed sensor could be where a
person at home would purchase a kit that has the probes
associated with SARS-CoV-2 viral RNA and deposit a sample
of treated saliva onto the sensor. If the sensor detects an
elevated presence of a known viral RNA that is associated with

Figure 10. (a) Summary of the results of classifying 48 clinical
samples into COVID-19 positive or negative cases using the
developed sensor chip, which was benchmarked to the standard
SARS-CoV-2 diagnostic kit (LabGun COVID-19 RT-PCR kit). (b)
Confusion matrix of the classification results obtained by applying
thresholding (threshold = 0.13) on the sensor chip response
against the 48 clinical samples.
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COVID-19, then that person would be able to go to the doctor
and seek further screening tests and therapeutic interventions.
The sensor would be an effective tool in screening
symptomatic as well as asymptomatic COVID cases.
Furthermore, the same approach could be used at the doctor’s
office as a confirmatory test for the presence of other
pathogenic bacterial and viral DNA/RNA. This would help
the medical community to more effectively diagnose and fight
off the spread of current as well as future viral infections.
Conclusion. Briefly, we developed herein an electro-

chemical platform made up of graphene and gold nanoparticles
conjugated with suitably designed antisense oligonucleotides
for the rapid, accurate, selective, and ultrasensitive detection of
SARS-CoV-2 viral RNA within a time period of less than 5
min. Four of the antisense ssDNA probes were used to cap
AuNPs at an optimized concentration to target the viral N-
gene (nucleocapsid phosphoprotein) selectively. Hyperspectral
microscopic results evidenced the sensitivity and the selectivity
of the designed ssDNA probes toward the target SARS-CoV-2
viral RNA. The sensitivity and analytical performance of the
device were evaluated both in the absence and in the presence
of gold nanoparticles when conjugated with either citrate or
antisense oligonucleotides. The results showed the improved
electrochemistry of the device only when deposited with the
ssDNA-capped AuNPs. Further, the selectivity of the device
was demonstrated with SARS-CoV and MERS-CoV viral RNA.
This fully integrated device successfully exhibited a broad
linear detection range from 585.4 copies/μL to 5.854 × 107

copies/μL, with a sensitivity of 231 (copies μL−1)−1. The
sensor exhibits a limit of detection of 6.9 copies/μL without
nucleic acid amplification, where the value achieved for the
LOD is quite comparable with the current clinical approaches.
The advantages of the developed biosensor over previously
reported tests therefore include an improved limit of detection,
no need for additional redox medium for electron exchange,
faster response to achieve stable data, excellent shelf life, and
its plausible economic production. The design of the ssDNA
probes to simultaneously target two regions of SARS-CoV-2
N-gene ensures the feasibility and reliability of the sensor even
if one region of the viral gene undergoes mutation during its
current spread. In addition to this, the current methodology
overcomes the limitations of widely used antibody-based
serological tests, as the developed test can detect the early
stage of infection. Moreover, the developed platform can also
be adapted to detect other viruses, which makes it a universal
platform. Finally, clinical samples collected from both COVID-
19 positive patients and healthy asymptomatic subjects have
been used to evaluate the sensor performance. The sensor chip
shows a significant change as a response to COVID-19 positive
samples, whereas an insignificant change has been observed as
a response to the healthy subjects’ samples, with a classification
accuracy of nearly 100%. Thus, the present device does not
require the ongoing traditional approach of amplifying cDNA
from the extracted RNA from the patients’ bodily fluids and
utilization of the cDNA for the detection of COVID-19. In
contrast, the current approach addresses the issue based on
signal amplification methodology mediated by the change in
output voltage. Currently, we are integrating the device with a
portable mobile platform, which can be easily translated for the
rapid diagnosis of positive COVID-19 cases.

MATERIALS AND METHODS
Reagents. All the materials were procured from widely known

commercial distributors. The custom-designed thiol-conjugated
ssDNA was purchased from GenScript and stored at −20 °C for
future use. All the experiments were carried out at a constant room
temperature of 25 °C unless otherwise specified. Vero cells were
purchased from ATCC (Vero E6; ATCC CRL-1586). The gamma-
irradiated cell lysate and supernatant from Vero E6 cells infected with
either SARS-CoV-2, isolate USA-WA1/2020, or the Middle East
respiratory syndrome coronavirus (MERS-CoV), EMC/2012, were
obtained from BEI Resources, NIAID, NIH.

Prediction of ssDNA Probes. The design of the ssDNA has been
carried out based on a previous report from our research group.43

Briefly, the software Soligo75 was used to predict the antisense
oligonucleotide probes specific for the N-gene sequence of SARS-
CoV-2. The prediction run was continued at a folding temperature of
37 °C and ionic conditions of 1 M sodium chloride. The probes are
predicted for a preferred length of 20 nucleotide bases. The target
binding energies of the antisense probes were then compared among
the predicted ones with a binding energy cutoff of ≤−8 kcal/mol.

Synthesis of Citrate-Capped Gold Nanoparticles. A solution
of sodium citrate (2.2 mM) was taken in ultrapure water (150 mL)
and boiled to reflux for 15 min with continuous stirring. A solution of
chloroauric acid (1 mL, 25 mM) was then added to the refluxing
solution. The solution was stirred for a duration of 20 min. The
resulting citrate-stabilized gold nanoparticles were well suspended in
water.52

Formation of ssDNA-Capped AuNPs. The citrate-stabilized
AuNPs with a concentration of ∼3 × 1010 particle/mL, as measured
by ZetaView, were treated with four of the antisense probes separately
at three different concentrations of 0.5, 1, and 2 μM, respectively. The
mixture was then kept at room temperature for 30 min with constant
stirring. The exchange between thiol and citrate groups is expected to
take place in this duration. The uncapped ssDNA probe was then
removed from the solution by centrifugation at 20 000 rcf for 15 min.
The residue was finally resuspended in an equivalent volume of water.
Thus, 12 separate samples were prepared for the four ssDNA probes
at three different concentrations. These particles are named Au-PxL,
Au-PxM, and Au-PxH where x defines the number of probes and L, M,
and H are representative of low (0.5 μM), medium (1 μM), and high
(2 μM) concentrations of probes, respectively. The as-synthesized
nanoparticles were kept at 4 °C for future use. The gel electrophoresis
experiment was conducted to confirm the capping of thiolated ssDNA
probes onto the AuNPs. A 10% glycerol solution was used with the
suspension of citrate-stabilized AuNPs and ssDNA-capped Au-P1, Au-
P2, Au-P3, and Au-P4. These materials were loaded on 0.5% agarose
gel in 0.5× Tris-borate-ethylendiaminetetraacetic acid buffer (TBE
buffer). The gel was run in a Wide Mini-Sub Cell GT horizontal
electrophoresis system (Biorad) at 100 V for 60 min. The number of
ssDNA conjugated to each gold nanoparticle was also quantified using
a QuantiFluor ssDNA system (Promega Corporation) based on the
manufacturer’s protocol. The dye selectively binds to the ssDNA
strand. Accordingly, fluorescence was recorded from both the treated
concentration of ssDNA and the residual concentration of ssDNA in
the supernatant after their binding with AuNPs. The fluorescence was
monitored through a Biotek Neo fluorimeter using an excitation
wavelength of 492 nm and emission at 528 nm.

Cell Culture. Cercopithecus aethiops kidney epithelial cells (Vero
E6) were cultured in Eagle’s minimum essential medium at standard
conditions with the supplementation of 10% fetal bovine serum at 37
°C. The culture was maintained by trypsinization of the cells with
0.25% (w/v) trypsin−0.53 mM EDTA solution.

Isolation of RNA. Severe acute respiratory syndrome-related
coronavirus (SARS-CoV-2), isolate USA-WA1/2020, NR-52287, was
obtained from BEI Resources, NIAID, NIH. The sample consists of a
crude preparation of gamma-irradiated cell lysate and supernatant
from Vero cells infected with SARS-CoV-2 isolate. Separately, NR-
50549 consisting of a gamma-irradiated cell lysate and supernatant
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from Vero cells infected with MERS-CoV, EMC/2012, was obtained
from BEI Resources, NIAID, NIH.
The Vero cells before and after the viral infection were lysed by the

addition of TRIzol reagent (1 mL) and aspirated. The total RNA was
then extracted and purified from the cell lysate, and the RNA
concentration was measured by a Nanodrop. The purified SARS-
CoV-2 and MERS-CoV viral RNA concentrations were found to be
35.9 and 4 ng/μL, respectively, with the RNA concentration of
noninfected Vero cells being 92.6 ng/μL.
Fabrication of the Electrochemical Biosensor. Graphene

nanoplatelets (GNPs) and molecular biology grade water were
purchased from STREM Chemicals, USA, and Sigma-Aldrich,
respectively. Briefly, GNPs with a width of ∼6−8 nm and length of
about 25 μm (100 mg) were added to 10 mL of molecular biology
grade water to prepare a suspension. The resulting suspension was
probe sonicated at 37 °C at an amplitude of 4, with a pulse rate of 5 s
on and 1 s off for 8 cycles (∼4 h) with intermittent cycles of 30 min.
To increase the uniformity of resulting mixture over filter paper
(Whatman filter paper ∼90 mm) with minimum surface defects, a
spin-coating technique (Laurell Technologies, North Wales, PA,
USA) was utilized at 150 rpm for 45 s, 300 rpm for 600 s, and 600
rpm for 120 s. The spin-coated filter papers were then dried for 10
min under continuous nitrogen flow and dried overnight under a
vacuum desiccator at room temperature. Finally, an electron beam
evaporator (Temescal Systems FC-2000, Livermore, CA, USA) was
used to deposit the micro-Au electrodes with a thickness of 50 nm
using a shadow mask with a predefined pattern. The shadow mask
design was initially created in AutoCAD 2014 and printed at the
facility of Photo-Sciences Inc., Torrance, CA, with a thickness of
0.025 mm on a nickel-brass.
Protocol for Sample Standardization. The as-synthesized

antisense probe stabilized AuNPs were first sonicated in a bath
sonicator for 5 min at room temperature before each use. The
solutions are then vortexed for 2 min, and the individual antisense
probe-capped AuNPs, 8 μL from each solution, were added on top of
the gold electrode. The sensor chip was left at room temperature for
30 min with no sign of moisture. On the other hand, for the
preparation of Pmix, equivalent portions from each of the probes (P1M,
P2L, P3H, and P4M) were taken, mixed, and vortexed properly; that is,
for a solution of 8 μL of Pmix, 2 μL from each of the selected probe
formulations was taken. The RNA samples (2 μL) with different
concentrations were then added on top of the electrodes.
Electrochemical Data. The current−voltage electrochemical data

were collected using a homemade circuit consisting of a signal
conditioner circuit and microcontroller. Each of the individual
experiments was repeated at least six times, and an average value of
the same has been reported. The obtained signals have been used to
evaluate sensor performance. The limit of detection has been
calculated based on the following equation: LOD = 3.3SXY/slope
Absorbance Spectra. The absorbance spectra were recorded

with a VWR UV−vis spectrophotometer.
Measurement of Hydrodynamic Diameter. The hydro-

dynamic diameters of the particles were monitored on a particle
tracking analyzer (ZetaView Particle Metrix). The hydrodynamic
diameters of ODN-capped AuNPs before and after the addition of
RNA 5.854 × 104 were measured in triplicate.
Raman Spectroscopy. The paper-based electrochemical sensor

was placed on a microscope glass slide and imaged using a fiber-optic
probe with an integrated 532 nm Raman filter set; the probe was
connected to a portable Raman spectrometer (Yvon Jobin LabRam
ARAMIS).
Hyperspectral Microscopy. A film of grapheneas previously

described in the sensor chip synthesis protocolwas deposited on a
glass slide. Next, a mixture of the gold nanoparticles capped with the
four ssDNA probes (Pmix) was deposited on the graphene film to
mimic the sensor chip. The dark-field imaging and hyperspectral data
were recorded with dark-field optical microscope (CytoViva) system
of the graphene film alone, with the ssDNA-capped gold nanoparticles
in the absence of the COVID-19 viral RNA and after the addition of 1
ng/mL of SARS-CoV-2 RNA.

Cross-Reactivity Experiment. We have obtained formaldehyde-
and UV-inactivated, purified, SARS coronavirus (NR-3883) from BEI
Resources and isolated the viral RNA using the manufacturer’s
protocol as detailed in the Zymo Research Quick-RNA viral kit
(R1035). The extracted RNA was tested using the developed sensor
chip.

Experimental Setup and Real-Time Monitoring. The
fabricated sensors were interfaced with an in-house-built benchtop
electrical circuit. The electrical circuit is composed of an Arduino
UNO. The microcontroller (ATmega328P) was reconfigured to
control the input voltage of 5 V, and a laptop was used to record the
data in real time (Figure S15).

Preparation of Clinical Samples. The clinical samples tested in
this work were collected as part of the registered protocols approved
by the Institutional Review Board (IRB) of the University of
Maryland, Baltimore. Samples of nasopharyngeal swabs were stored in
viral transfer media. The clinical samples were heat-inactivated by
heating the samples at 65 °C for 30 min, and then the samples were
stored at −80 °C for future use.

Procedure for the LabGun RT-PCR Assay. The LabGun
COVID-19 RT-PCR kit is optimized to detect RNA from SARS-CoV-
2 in nasopharyngeal swabs collected from patients with signs and
symptoms of COVID-19. Briefly, nucleic acids were first isolated and
purified by the QIAamp viral RNA mini extraction kit. The purified
genetic material was then amplified using the LabGun COVID-19
RT-PCR kit. During the PCR extension phase, the probe was
degraded by the 5′ nuclease activity of Taq polymerase, resulting in
the reporter dye being differentiated from the quencher dye. This
induces an increase in fluorescence emission. At each cycle, more
reporter dye molecules are cleaved from their probes and increase
fluorescence. The increase in fluorescence intensity is generally
monitored at each PCR cycle by the RT-PCR instrument. It is
expected that the samples without the presence of SARS-CoV-2
would not provide any significant increase in emission, while only the
COVID-19 positive samples reflect an increment in fluorescence
intensity.
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